In this work, several tests of thermal cycling under constant load are carried out on Ti-45.0Ni-5.0Cu (at%) shape memory wires. The properties related to the Stress Assisted Two Way Memory Effect (SATWME) of the material are investigated as a function of the mechanical loading history for the same temperature range during cooling and heating. For this reason, two thermomechanical tests have been employed: tests I, where one sample is used for just one constant stress level test and tests II, where only one sample is employed for several constant stress level tests in sequence. The results obtained show that for loads applied below 150 MPa, the transformation temperatures and the thermal hysteresis associated with the transformation of the material are the same during the two tests. However, above 150 MPa in tests II transformation temperatures and thermal hysteresis are respectively higher and smaller than the ones obtained in tests I. On the other hand, transformation temperatures obtained from both tests are in good agreement with the ones measured by DSC and electrical resistance measurements. It is also observed that the SATWME obtained by tests II is smaller than the one measured during tests I. It is shown that these different behaviors are induced by accumulation of plastic strain in the sample during tests II.
Introduction
Shape memory alloys (SMA's), classified as "smart" metallic materials, are sensitive to temperature and/or stress producing a large macroscopic strain as a result of a thermoelastic martensitic transformation 1, 2 . Among all SMA's, it is well accepted that Ti-Ni based alloys present the best shape memory properties and benefit by an excellent biocompatibility useful for many applications 2 . In addition, among the Ti-Ni systems, Ti-Ni-Cu alloys are very attractive showing very good thermomechanical properties 3, 4 . It is important to notice that in these SMA's the Cu replaces the Ni and that below 5% Cu (%at) the Ti-Ni-Cu alloy presents the same martensitic transformation found in the equiatomic Ti-Ni alloy: B2 austenite (bcc) ↔ monoclinic martensite 4 . The peculiar quasi-reversible thermomechanical properties presented by these alloys, like shape memory effect (SME) and superelasticity, are mainly influenced by some factors as chemical composition, amount of coldwork and heat treatment after cold-work 2 . In some Ti-Ni binary compositions, a combination of these factors can cause the presence of an intermediate phase between the austenite and martensite, called rhomboedral (R)-phase 5 . So, SMA's properties are strongly dependent upon thermomechanical history. For example, cold-work performed on a recrystallized material improves the mechanical properties of the alloy, and decreases the transformation temperatures, i.e., a highly cold-worked wire is slightly "colder" than a less cold-worked wire. A cold-worked material needs to be heat treated before it can exhibit superelastic or shape memory properties 2 . The martensitic transformation of Ti-Ni based alloys were well studied as a function of some typical thermomechanical treatments including solution treatment, annealing after cold working and aging after solution treatment [6] [7] [8] [9] . In some cases, Ti-Ni alloys are cold worked in martensitic state. After this procedure, the plastically deformed martensite shows a complex structure including dislocations, vacancies and stabilized martensite variants [8] [9] [10] . These defects are responsible for a total or partial stabilization of martensite variants causing a reduction of the transformed fraction during the heating of the material. As a consequence, a reduction of the heat of transformation as well as a decrease of the transformation temperatures (in relation to recrystallized state) after the first heating corresponding to the reverse transformation are observed 11, 12 . Additionally, it has been confirmed that recrystallized stress-free Ti-Ni specimens submitted to thermal cycling also exhibit a reduction of the heat of transformation 7, 13 and a decrease of the martensitic transformation start temperature (MS) 6, 7 , as a result of the introduction of dislocations. Despite SMA sensitivity to its thermomechanical history, some authors 14 frequently use the same sample to assess SMA properties thus overlapping the effect of different thermomechanical loadings. The effect of this overlapping procedure on the thermomechanical properties of the SMA's is not yet well established and certainly can lead to some errors when it is used. So, the major aim of this work is to clarify the influence of the mechanical loading way on the shape memory properties of a Ti-45.0Ni-5.0Cu (at%) alloy by employing two different thermomechanical procedures: tests I, where different samples are used for just one constant stress level (without overlapping) and tests II, where only one sample is employed for different constant stress level (with overlapping). Tests I will be considered the reference to establish the role of the overlapping procedure followed during tests II.
Experimental
The specimens were commercial Ti-45.0Ni-5.0Cu (at%) wires (0.55 mm in diameter) after cold drawing of about 40%. As received material was submitted to a heat treatment at 425°C for 1h followed by cooling to room temperature. Figure 1 shows the electrical resistance (ER) curves corresponding to the martensitic transformation of the as-received (AR) and heat-treated (HT) materials. It is clear that cold drawing in AR wires suppress the martensitic tranformation and that low temperature annealing releases the transformation. Transformation temperatures of the HT specimens, as measured by a tangent method, are also shown in Fig. 1 . The results pointed out in Fig. 1 were supported by DSC measurements (Mettler TA 3000). In Fig. 2 the mechanical properties of the AR and HT wires at 10°C are compared, the last in the martensitic state. The stress (σ) vs. strain (ε) curve of the AR material is typical of work-hardened Ti-Ni based specimens while the one corresponding to the HT wires present a small stress plateau starting at about 115 MPa, typically associated to the reorientation of martensite variants under stress. The end of this plateau corresponds to 150 MPa.
The strain and ER change of the Ti-Ni-Cu wires were measured at the same time as a function of temperature during cooling and heating under constant load. For this reason, the four-terminal DC method was adapted on an apparatus presented in a previous paper 15 and originally designed for fatigue tests in thermal cycling mode. A stable power supply is used to maintain a constant low intensity electrical current through the specimen wire. So, as the current is always constant, the ER change is proportional to the voltage signal (U) change of the specimen. The temperature of the wire specimens kept into a thermocontrolled silicone oil bath was monitored. As the experimental apparatus uses cylindrical grips 15 , load was applied in martensite to assure that the specimen wire remains straight during the first heating. Therefore, specimens with a gauge length between 25 and 30 mm, were placed at 10°C (martensitic state), loaded and then heated to 154°C. It is clear that during cooling, martensite could profitably grow already oriented by the applied load. The strain was measured using a differential LVDT displacement sensor. A data acquisition system stores the LVDT and the voltage signals at 154°C as reference and a computational program calcu- lates the strains (ε) and ER changes (∆R/R) under load as a function of the temperature (T) as follow:
where LVDT(T) and U(T) are the displacement and voltage signals, respectively. Constant applied stresses were set between 75 and 350 MPa. For all stress levels, temperature cycles were carried out between 10°C and 154°C. Several HT specimens were submitted to two kinds of thermomechanical tests:
• Tests I: different samples are used for each test at constant stress level;
• Tests II: only one sample is employed for several tests at constant stress level.
In the case of tests I, a cooling-heating-cooling cycle is performed in each HT specimen for each load applied. On the other hand, for tests II strain (ε)-ER-Temperature (T) measurements under various constant loads were carried out on the same specimen in the stress range 50-350 MPa, in steps of 25 MPa. For each stress level, the specimen was submitted to a cooling-heating-cooling cycle and the plastic strain introduced by this procedure was measured and added to the previous length of the specimen after each cycle.
In all cases, the ER measurements include a contribution due to strain, considering no volume changes during martensitic transformation under constant load. In fact, this assumption leads to a Poisson's coefficient of 0.5 in the generalized Ohm law for metallic conductors. So, the electrical resistivity variation can be obtained by the formula:
where ∆R/R(T) is the variation of ER and ε(T) is the deformation during cycling obtained from Eqs. (1) and (2). Similar considerations were made by other authors 16 studying Ti-Ni based SMA's.
Results and Discussion
As a result of the tests I and II, several curves corresponding to the ε-T, ∆R/R-T and ∆ρ/ρ-T behaviors are Vol. 4, No. 3, 2001 183 obtained. Typical ε-T and ∆R/R-T loops are plotted in Fig.  3 and the chief deduced shape memory parameters are indicated. The measured strains are pointed out in Fig. 3(a) : the low temperature strain (εM)10°C, the high temperature strain (εP)154°C and the stress assisted two-way memory effect (SATWME). (εM)10°C is the transformation strain associated with the orientation of martensite variants by the applied stress and (εP)154°C is the plastic strain under load after heating. It is clear from the Fig. 3(a) that the SAT-WME is calculated as the difference between (εM)10°C and (εP)154°C. The transformation temperatures under cooling (MS and Mf) or heating (AS and Af) can be measured using the tangent method as illustrated in Figs. 1 and 3(a) . The variation of ER associated to the SATWME, (∆R/R)SAT-WME, as well as the ones at 10°C and 154°C are measured as defined in Fig. 3(b) . The ∆ρ/ρ-T curve is not plotted in Fig. 3 , however it is easily obtained by applying Eq. (3) on the data corresponding to the Figs. 3(a) and 3(b).
Strain evolutions
The behavior of the strains and SATWME as a function of the applied stress for both kind of employed test is pointed out respectively in Figs. 4(a) and 4(b) . From the Fig. 4(a) , it is clear that (εM)10°C and (εP)154°C reach higher values during tests I than during tests II. During tests II, (εP)154°C is almost constant with a figure lower than 0.5% for all applied stress levels whilst for tests I it increases gradually up to 2.8% for 350 MPa. In the case of tests II, the transformation strain (εM)10°C stabilizes at about 6% when the stress exceeds 150 MPa, whilst this saturation is not clear during tests I. During tests II a work-hardening process due to the overlap of SATWME cycles on the same sample is present. This procedure accumulates a true plastic strain after each cycle related to the introduction of defects, chiefly dislocations, into the material, similarly to the effect of the marforming and ausforming treatments defined by Treppmann and Hornbogen 17 . These defects can reduce the mobility of the martensite interfaces during cooling explaining the smallest values of (εM)10°C in tests II. For the same reason, SATWME is reduced for stresses higher than 150 MPa in tests II compared to tests I in Fig. 4(b) . The difference between the SATWME for the two tests can reach 1% for 350 MPa. However, the saturation of SAT-WME after 150 MPa indicates a maximum orientation of martensite variants by the applied stress during the two tests. This maximum orientation of martensite variants for 150 MPa can also be verified on the end of the plateau stress observed during the uniaxial tensile test of the HT specimens in the martensitic state, as pointed out in Fig. 2. Figure 5 shows ∆R/R as a function of the applied stress measured concomitantly with the strains plotted in Fig. 4 , during the two tests.
Variation of ER
Qualitatively, comparing Figs. 4(a) and 5(a), it can be seen that these properties follow the same global behavior, i.e., the ER change increases steeply bellow 150 MPa and slowly later, similarly to the strain evolutions. On the other hand, Figs. 4(a) and 5(a) also reveal that differences between the two tests concerning the behavior of the (εM)10°C and (εP)154°C strains (Fig. 4a) have a minor effect on (∆R/R)10°C and (∆R/R)154°C. This is also the case for the ER properties linked to the SATWME, as shown in Fig.  5(b) . Therefore, the differences in the measured strains during tests I and II (Fig. 4) are not responsible for big differences in the ER (Fig. 5) . So, considering tests I and II, results in Fig. 5 support that orientation of martensite variants contribute to the major ER change in comparison with dimensional changes. Figure 5 (b) also show the variation of electrical resistivity associated to the SATWME, (∆ρ/ρ)SATWME, obtained by applying Eq. (3). For the stress corresponding to the maximum orientation of martensite variants, 150 MPa, Fig. 5(b) indicates that the contribution due to orientation of the variants by the applied stress is two times higher than the one due to the dimensional change of the specimen (SATWME). This observation was recently used by De Araújo et al. 18 to explain the ER behavior in terms of internal stresses created in Ti-Ni-Cu wires broken by thermal cycling under constant load.
Transformation temperatures
Transformation temperatures are measured from the strain plotted in Fig. 3 . The temperatures corresponding to the forward (MS and Mf) and reverse (AS and Af) transformation for tests I and II, as measured from the strain loops, are plotted in Fig. 6 .
A linear relationship between stress and transformation temperatures is verified on the two tests, though a change in the slope of the MS and Mf temperatures is clearly observed for tests II and for stresses higher than 150 MPa. For example, the slope I of the MS temperature is about 8 MPa/°C between 50 and 350 MPa whilst the slope II has this same value below 150 MPa and modifies to 6 MPa/°C for higher stresses. Despite tests II involve the accumulation of true plastic strain, AS and Af are practically insensitive to this fact (see Figs. 6c and 6d) . The temperatures under stress free conditions can be obtained by extrapolation of the linear relationships as shown in Fig. 6 . Comparing the extrapolated temperatures from Fig. 6 with the ones shown in Fig. 1 allows us to note some differences which are larger (about 7°C and/or 8°C) for the forward transformation (MS and Mf). The linear relationships (slopes) and transformation temperatures obtained from Fig. 6 can be used to estimate the heat of the transformation employing the modified Clausius-Clayperon law for SMA's. This modified law for SMA's is expressed by the following equation 1 :
where dσ dT0 is the slope for the equilibrium temperature T0
(defined as the average between MS and Af) 19 , ∆H A→ M is the heat of the forward transformation (austenite to martensite), ρ is the specific mass of the SMA and εtr is the transformation strain associated to the maximum orientation of martensite variants (Fig. 4) 4 J/g).
Thermal hysteresis and true plastic strain after tests II
It has been previously shown that strains and temperatures are affected by the mechanical history imposed by tests II in comparison with tests I. Additionally, Fig. 7(a) shows the influence of the accumulation of a true plastic strain during tests II, plotted in Fig. 7(b) , on another important thermal property, the thermal hysteresis (HT), evaluated at 50% of the martensitic transformation, as indicated in Fig. 3(a) .
It can be seen in Fig. 7(a) , a good agreement below 150 MPa, between the HT values measured during tests I and II, similar to the results obtained for strain and transformation temperatures (Figs. 4 and 6) . However, beyond 150 MPa, thermal hysteresis measured during tests II becomes lower than the ones obtained from tests I, tending to the same value measured under stress free conditions. This reduction of HT is in accord with the behavior of the transformation temperatures shown in Fig. 6 and confirm that the accumulation of a true plastic strain, plotted in Fig.  7(b) , assist the forward transformation but has a minor influence on the reverse transformation. This phenomenon is similar to the one observed during repeated thermal cycling under constant load for the same alloy in the stress range here studied 20 . The effect of the introduction of a true plastic strain associated to tests II (Fig.7b) on the strains, variation of ER and thermal properties has been demonstrated by Figs. 4, 5, 6 and 7. In fact, this plastic strain is linked to a density of defects (mainly dislocations) which should be well oriented by the applied uniaxial tensile stress. Many researchers in the field of the SMA's and more recently Nomura et al. 21 have demonstrated that these defects related to the plastic strain are at the origin of internal stresses. Considering this observation and supposing that internal stresses act as applied stresses 22 , De Araújo et al. 23 has proposed a simple macromechanical approach to estimate internal stresses based on the evolution of the MS temperature in shape memory wires during thermal cycling under constant load. So, the deviation in the characteristic slope of the MS temperature as well as the reduction of thermal hysteresis observed during tests II (Fig. 6b and Fig. 7a ) are attributed to the accumulation of plastic strain which cause an increase in the internal stress field into the material during tests II in comparison with tests I. In addition, as shown in Figs. 4(b) , 5(a), 6(a) e 7(a), these deviations appear when the applied stress exceeds a critical stress level corresponding to 150 MPa.
Conclusions
This study has clearly shown that the characterization of the thermomechanical properties of SMA's using only one sample by overlapping it with growing constant loads affect some important properties as the SATWME, the transformation temperatures and the thermal hysteresis. This effect becomes important when a critical stress level corresponding to the end of the plateau stress in martensitic state (150 MPa in this case) is exceeded. This behavior is attributed to the accumulation of a true plastic strain that raises the internal stress field into the material during tests. However, variation of electrical resistivity associated to the formation and reversion of oriented martensite variants, (∆R/R)SATWME and (∆ρ/ρ)SATWME, are practically unaffected by this accumulation of plastic strain indicating that defects, mainly dislocations, give a negligible contribution to the ER change compared to the large contribution related to oriented martensite variants.
